A QM/MM method that combines ONIOM quantum chemistry and molecular dynamics is developed and applied to a step in the deamination of cytosine to uracil in yeast cytosine deaminase (yCD). A two-layer ONIOM calculation is used for the reaction complex, with an inner part treated at a high level for the chemical reaction (bond breaking) and a middle part treated at a lower level for relevant protein residues that are frozen in the quantum optimization. An outer layer (protein and solvent) is treated using MD. Configurations for the entire system are generated using MD and optimized with ONIOM. The method permits the use of high-level quantum calculations along with sufficient configurational sampling to approximate the potential of mean force for certain bond-breaking reactions. A previously proposed reaction mechanism for deamination (Sklenak, S.; Yao, L. S.; Cukier, R. I.; Yan, H. G. J. Am. Chem. Soc. 2004, 126, 14879) requires breaking the bond between a catalytic zinc and the O4 of uracil in order to permit product release. Using an ONIOM approach, direct bond cleavage was found to be energetically unfavorable. In the work presented here, the combined ONIOM MD method is used to show that the barrier for bond cleavage is small, ∼3 kcal/mol, and, consequently, should not be the rate-limiting step in the reaction.
Introduction
Yeast cytosine deaminase (yCD) catalyzes the deamination of cytosine to uracil ( Figure 1a ) as well as 5-fluorocytosine (5-FC) to the anticancer drug 5-fluorouracil (5-FU). It has been observed that product release is the rate-limiting step during the activation of 5-FC, 1 and presumably the same holds for the enzymatic deamination of the normal substrate, cytosine. One reason for this slow product release might be the formation of a Zn-O4 bond between the protein and product, 5-FU, as shown for uracil in Figure 1b . In our previous work, 2 the mechanistic steps to convert cytosine to the Zn-O4 intermediate were studied by quantum chemical methods. The cytosine deamination proceeds via a sequential mechanism involving the protonation of the N3 of cytosine, a nucleophilic attack on C4 by the Zn-coordinated hydroxide, and the cleavage of the C4-N4 bond. Once the Zn-O4 intermediate is formed, our calculations 2 showed that direct Zn-O4 bond cleavage is nearly impossible based on two-layer ONIOM (B3LYP/PM3) quantum chemical calculations. [3] [4] [5] [6] As an alternative, an oxygen exchange mechanism was proposed to assist this bond breaking, which gave the highest barrier, ∼9 kcal/mol, for the activation energy of the whole reaction cycle. However, our recent experiments (unpublished data) show that, although this oxygen exchange does occur, it is so slow that it is unlikely to be the mechanism for cleavage of the Zn-O4 bond.
In this previous two-layer ONIOM study, a fraction of the protein was selected (residues around the active site), and atoms in the outer layer were fixed to prevent them from moving away unrealistically, while atoms in the inner layer were optimized. If the rearrangement of the active site is rather small during the catalysis, this protocol works well, but when the rearrangement is significant, some atoms in the outer layer have to move to accommodate this change. Then, freezing the outer layer will give unrealistic results.
The above experimental and computational results motivate a reinvestigation of the mechanism of Zn-O4 bond breaking. In particular, it is clear that the dynamics of the whole protein, or at least the residues around the active site, have to be incorporated into the calculation. QM/MM simulation methods have to be used to fully describe this process. The challenge is that, in order to model complexes containing Zn ions, reliable QM methods should be used, 2,7 which would be very costly if used in combination with a MD simulation. For example, one single-point ONIOM (B3LYP/PM3) calculation of the yCD system that we carried out 2 takes ∼80 min in a two-processor Linux workstation with 2.1 GHz CPU speed. With the 2 fs MD time step, a 1 ns QM/MM simulation would take years. Accurate statistical mechanical sampling with a high-level QM method for this system is certainly not feasible.
A number of QM/MM protocols have been developed to incorporate configurational sampling while accounting for chemical transformations, which involve a tradeoff between the quality (cost) of the quantum chemical part and the extent of configurational sampling. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] Some of these approaches use semiempirical methods to reduce the quantum part cost and permit more configurational sampling, while others use higherlevel quantum methods at the expense of sampling. The ONIOM method, [3] [4] [5] [6] with its separation of a system into layers, with higher-level methods used for inner and lower-level methods used for outer layers, is an attempt to reduce the cost of calculation while retaining accuracy of predictions, but it does not incorporate the effect of different configurations. Thus, many ONIOM calculations of enzymatic systems are performed for static structures either taken from X-ray structures [24] [25] [26] or averaged MD snapshots, 27,28 and the enzyme is usually truncated to only include important regions such as the active site. Methods are being developed that can permit the use of highlevel quantum methods yet permit adequate sampling. For example, Yang and his colleagues developed a minimumenergy-path method where the QM region is optimized along the reaction coordinate(s) and frozen during simulations. 29 The free-energy change of the QM region is calculated based on the energy change and the entropy change, as calculated by harmonic frequency analysis. The free-energy change of the MM region is calculated by using a free-energy perturbation method.
In this paper, we propose a protocol that incorporates the dynamics of both the QM and MM regions and permits calculation of the potential of mean force along a reaction coordinate. It combines conventional MD and ONIOM procedures in an approximate manner that permits the use of highlevel methods and reasonably extensive MD sampling. The method is used to obtain the barrier for the Zn-O4 bond cleavage step necessary for product release in yCD.
Methodology
A. Two-Step Method Combining MD and ONIOM. The system of interest consists of a protein, its bound ligand, and explicit waters of solvation. Our strategy is to treat the ligand and catalytically important residues with a high-level QM method (core layer), the surrounding residues in the active site with a low-level QM method (middle layer), and the rest of the protein, including water, with molecular mechanics (outer layer).
With the Born-Oppenheimer approximation and assuming the electronic degrees of freedom have been integrated out, the Hamiltonian of the whole system is where superscript q (m) means the term is treated with quantum mechanics (classical mechanics) and where h, l, and r denote high level (quantum), low level (quantum), and the rest (molecular mechanics), respectively. For a system with N particles, the canonical ensemble distribution function is where p 3N and r 3N are vectors defining Cartesian momenta and coordinates of the whole system and where is 1/kT in which k is Boltzmann constant and T is temperature in kelvin. If we are interested in a chemical process in the core layer, we need to define a specific reaction coordinate (e.g., distance between two atoms in a bond cleavage). A coordinate transformation needs to be introduced from Cartesian coordinates to a set of generalized coordinates that contains ,r 3N f (q 3N-1 , ) . In addition, a corresponding transformation is made on the conjugate momentum according to p 3N f (p q 3N-1 ,p ) so that dp 3N dr 3N ) dp q 3N-1 dq 3N-1 dp d . Thus, the potential of mean force is where Q ) ∫ exp(-H tot (p 3N ,r 3N ))dp 3N dr 3N is the partition function, and the delta function maintains the reaction coordinate at value R. The mean force is given by where 〈...〉 )R denotes a conditional ensemble average. Since is only a function of the coordinates of certain atoms in the high-level QM part, eq 2.4 can be approximated as provided that the interaction between the core and outer layer is very small. The outer layer does influence the mean force through the ensemble average. To estimate this average, a certain number of MD snapshots need to generated with the constraint that ) R. Then, the potential of mean force can be evaluated from eq 2.5 by integration.
As discussed above, this QM/MM simulation is impractical with current computer resources due to the expensive QM calculation. Approximations have to be introduced to evaluate the mean force more efficiently, and we propose the following two-step method. First, in step 1, a MD simulation with all of the atoms treated classically is performed, with the restraint that ) R. Second, in step 2, a certain number of snapshots are chosen for a two-layer ONIOM optimization, with the high-and low-level
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QM method the same as would be used in an "ideal" QM/MM simulation. In the ONIOM optimization, the low-level layer is fixed, and the high-level layer is fully optimized with the constraint, ) R. Then, the force between two atoms can be calculated and averaged over the snapshots by using eq 2.5. By repeating the two steps with different constraint distances, the PMF can be calculated with the use of eq 2.6. Since the chemical bond cleavage process cannot be described by the MM method, the core layer has to be optimized using a high-level QM method before the force calculation, which acts as a refinement of the core structure. The presence of the outer layer in step 1 incorporates the effect of the rest of the protein and the (explicit) solvent on the core and middle layer. It should provide reasonable configurations for the middle layer as a function of the current reaction coordinate value and will also keep the middle layer from "evaporating". The main errors introduced by this approximation method come from the core and middle layers in the MD simulation of step 1. The first error comes from the MM treatment of the core layer. The classical treatment of the core in the simulation may not be able to generate good conformations for the force calculation. Thus, the ONIOM optimization has to be performed in step 2. For the middle layer, the use of MM in the MD simulation might also introduce an error. However, since there is no chemical reaction occurring in the middle layer, MM should be a reasonable approximation to a low-level QM method to describe the configuration of the protein. If the MM of the middle layer responds properly to the restrained changes in the core layer and generates corresponding conformational changes, then the ONIOM optimization in step 2 will produce an accurate core region conformation, which will give a good estimate of the force. There are also errors due to the lack of a polarization response of the outer MM layer to changes in the core and the middle layer. These should be small, as the core region with its changing charge distribution along the reaction coordinate is protected from the outer layer by the middle layer.
To guarantee that these errors are small, two conditions have to be fulfilled. First, that MM is a good method to describe the initial state, which is likely to be true with current force fields because the initial state is a well-defined state obtained from a crystal structure. Second, during the reaction process, the modification of the core is small, and, consequently the quantum effect changes to the middle layer are small compared to the MM changes produced by the electrostatic and van der Waals interactions. In summary, the PMF quality will depend primarily on the quality of the MM treatment of the core system and the complexity of the reaction process in this two-step protocol.
B. MD Simulation and ONIOM Calculation of the yCDUracil Complex. A 2 ns MD simulation was previously performed for the yCD-uracil complex at constant temperature (300 K) and at constant volume. 30 The details of the MD simulation protocol are provided therein, and we use the same protocol here. MD charges of the complex formed from Zn, its three ligated residues, His62, Cys91, Cys94, as well as Asp155 (all atoms), and one water molecule (coordinated with the Zn) were derived by using the AMBER antechamber program (RESP methodology). 30, 31 In that simulation, the active site Zn and uracil O4 were linked by a harmonic potential with the force constant of 300 kcal/mol Å 2 and the equilibrium distance of 1.97 Å. In order to see what happens after the Zn-O4 bond breaks, a 1 ns MD simulation was carried out starting from one snapshot of the preceding simulation with the harmonic potential removed. During this simulation, the Zn-O4 distance increased to ∼3.6 Å. One MD snapshot was selected with the Zn-O4 distance of 3.86 Å and trimmed for a two-layer ONIOM (B3LYP/PM3) optimization using Gaussian 03 32 with the same setup as in the previous 2 study. The 33 functional and the 6-31G** basis set that, as found previously, 2 leads to excellent agreement with the geometry obtained from the X-ray structure. 34 It includes uracil, Glu64, Zn, and the Zn-coordinated residues, His62, Cys91, and Cys94. Glu64 is included in the inner layer, as its key role in the deamination reaction has been established in the closely related enzyme, cytidine deaminase. 35, 36 The resulting ONIOMoptimized Zn-O4 distance is similar to that obtained from the MD simulation. This distance was scanned from 3.8 to 2.0 Å, with the core region optimized at each distance to obtain the energy changes along the Zn-O4 bond cleavage reaction coordinate. Another static structure of the uracil complex from the previous ONIOM calculation 2 with a Zn-O4 distance of 2.06 Å was generated from the yCD X-ray structure of the inhibitor (2-pyrimidinone) complex. Then, the Zn-O4 distance was scanned to compare the energy profile to that generated from the MD snapshot. Since, in the ONIOM calculations, the middle layer is fixed, if the change of the middle layer is very small during Zn-O4 bond cleavage, then, in reality, these two energy profiles should be very similar. In other words, if the profiles are quite different, then the middle layer must have changed significantly.
A 1 ns MD simulation was performed with a harmonic potential between Zn-O4 maintained but with the equilibrium distance changed by 0.1 Å every 50 ps from 2.0 to 3.8 Å, starting from one MD snapshot of the first simulation. The force constant of the harmonic potential is 300 kcal/mol. The coordinates were saved every 2 ps, and the first 20 ps were used as the equilibration period. For each Zn-O distance, five snapshots were chosen evenly in time and optimized by the ONIOM method, as described above. Then, the force on O4 from all of the other atoms, projected along the Zn-O4 vector, was calculated and averaged over five snapshots. The two-step process is outlined in Figure 2 . The error of the force average is rather small, based on its standard deviation (see the Results and Discussion section), except at a distance of 2.3 Å, where 10 snapshots were used in the ONIOM calculation.
Results and Discussion
A. Scan with the Outer Layer Fixed. After Glu64 transfers two protons from the Zn-bound water molecule to cytosine, ammonia is formed and released, but the O4 of uracil is still covalently bound to the Zn atom. 2 In our previous calculations, 2 it appeared that direct Zn-O4 bond cleavage is extremely difficult, but one potential problem of that calculation was that the outer layer of the protein was fixed at the crystal structure coordinates. If some of these residues need to rearrange themselves during breakage of the Zn-O4 bond, fixing the outer layer will make the reaction coordinate barrier artificially high due to steric clashes. The ONIOM optimizations were carried out to scan the Zn-O4 distance from 2.0 to 3.8 Å, based on the Zn-O4-bound product complex structure generated from the yCD inhibitor crystal structure. 2,34,37 A 1 ns MD simulation (see the Methodology section) was performed with the bond restraint between Zn and O4 removed, which effectively gives a relaxed system with the Zn-O4 bond broken. Then, the same ONIOM optimizations were performed based on the final MD snapshot. By comparing these two energy profiles, we can see whether the constraint of the outer layer introduces significant artifacts. As shown in Figure 3 , the ONIOM energy for the crystal structure shows a monotonic increase from 0 to 15 kcal/ mol, with the change in the Zn-O4 distance from 2.0 to 3.8 Å, while the ONIOM energy for the MD-generated snapshot decreases with increasing distance. It suggests that the active site has rearranged itself in the MD simulation when the Zn-O4 bond is cleaved. Further investigation shows that OE1 of Glu64 moves close to the Zn atom after the cleavage of the Zn-O4 bond due to the electrostatic attraction (Figure 4) . The partial charge of Zn is +0.67 e, and the partial charge of OE1 of Glu64 is -0.82 e. The average distance between Zn and OE1 is 1.99 ( 0.09 Å, while the distance between Zn and O4 is 3.59 ( 0.27 Å in the MD simulation. So, the Glu64 OE1 acts as the fourth atom coordinated with Zn after the loss of the Zn-O4 interaction. The water molecule forming a hydrogen bond with the Ser89 backbone carbonyl and the Glu64 carboxyl in the starting point moves away during the MD simulation (Figure 4 ). This process was not observed during the ONIOM distance scanning of the crystal structure because the backbone of Glu64 was treated as part of the outer layer and, therefore, was fixed. This restriction prohibits O4 from moving close to Zn and keeps the water molecule contained by the outer layer residues. On the other hand, during the ONIOM Zn-O4 distance scanning of the MD snapshot, the outer layer was also fixed, but it was adjusted to be suited for cleavage of the Zn-O4 bond. That is probably why the system seems to be more stable with the Zn-O4 bond cleaved in the ONIOM calculations of the MD snapshot. Therefore, the ONIOM calculations based on the crystal structure and MD snapshot may be viewed as two extremes; the crystal structure is a representation of the covalently bound Zn-O4 complex, while the MD snapshot is a representation of the unbound form of the Zn-O4 complex. One has to scan the distance between Zn and O4 and rearrange the outer layer residues at the same time to generate the energy profile correctly.
B. Combining ONIOM with MD. As discussed above, the ONIOM method with the static outer layer cannot describe the Zn-O4 bond cleavage process. MD has to be combined with ONIOM to account for the configurational changes. The scheme outlined in the Methodology section provides an approach that is computationally feasible. First, MD was used to generate snapshots with different restrained Zn-O4 distances, and then, ONIOM was used to optimize these snapshots and calculate the forces. It appears that the average of forces at individual Zn-O4 distances converges quickly, as shown in Figure 5 , so only five snapshots are used for each distance, except for 2.3 Å where 10 snapshots are used. The average force decreases dramatically from 9.2 to -12.4 kcal/mol Å as the distance increases from 2.0 to 2.2 Å. Then, the force increases to -2.0 kcal/mol Å at 2.4 Å, and after that, it increase slowly to ∼2 kcal/mol Å at 2.7 Å and fluctuates until 3.5 Å, where it drops to ∼0 kcal/mol Å. The force curve passes zero three times; the first one is between 2.0 and 2.1 Å, indicating the first minimum in the potential of mean force curve, the second one is between 2.6 and 2.7 Å, a maximum in the potential curve, and the third one is between 3.4 and 3.5 Å, which is another minimum in the potential. The potential of mean force was calculated by using the discrete summation of the average force, as shown in Figure 6 . It has a typical bond-breaking form, with one transition state for the Zn-O4 distance at approximately 2.6-2.7 Å. The barrier for the reaction is ∼2.9 kcal/mol. The corresponding bound, transition, and unbound states are shown in Figure 7 . The transition state has the Zn pentacoordinated with His62, Cys91, Cys94, Glu64, and uracil because OE1 of Glu64 moves close to and coordinates with Zn. In fact, the bond between Zn and OE1 is formed at the beginning of the Zn-O4 bond cleavage, as shown in Figure 8 . The Zn-OE1 distance decreases to 2.1 Å when the Zn-O4 distance increases to 2.4 Å. In the transition state, Zn interacts weakly with O4 of uracil since the distance is already ∼2.6-2.7 Å. After the reaction, the backbone amide of Cys91 forms a hydrogen bond with OE1, similar to what occurs in the MD simulation (Figure 4) . Several hydrogen bond interactions between uracil and active site residues were maintained during the reaction, including Glu64 OE2 with N2H, Gly63 NH with O2, Asn55 NH2 with O2, and Asp155 OD1 with N1H, consistent with the MD simulation (Figure 4) . After the Zn-O4 bond cleavage, uracil stays within the active site. It is restrained by four hydrogen bonds, including Glu64 OE2 with N2H, Gly63 NH with O2, Asn55 NH2 with O2, and Asp155 OD1 with N1H. The water molecule originally hydrogen bonded to Ser84 moves closer to Glu64 and hydrogen bonds to OE1 of Glu64.
In our calculations, Glu64 and the two Zn-ligated residues, Cys91 and Cys94, are in their anionic states, and that suggests the introduction of diffuse functions to the basis set. Therefore, the calculation was redone by using the equilibrium geometries obtained with the 6-31G** basis set and, then, by recalculating the ONIOM forces for all of the snapshots used above by adding diffuse functions with the 6-31+G** basis set. We find that the shape of the force/potential curves changes somewhat, but the conclusions are not altered. In particular, the barrier in the PMF is reduced to about 1.5 kcal/mol, indicating that the barrier remains small. (Note that, due to the limited number of force points that are practical to obtain, the integration to give the PMF also introduces some error.) Thus, we consider the agreement between the two calculations to be good.
An attempt was made to unambiguously identify the rearrangement of the outer layer during the Zn-O4 bond cleavage, but the thermal fluctuations of the atoms during the MD simulation complicate this analysis. For example, F114 in the outer layer shows a rather large motion during the Zn-O4 bond cleavage. It also moves substantially during the MD simulation of the product complex because this residue is from a loop region. Thus, it is hard to tell whether the motion of this residue is due to the product release or not. On the other hand, Glu64 and a water molecule are easy to distinguish in this sense because both are quite stable in the active site in the product complex simulation but move significantly during the Zn-O4 bond cleavage simulation.
Conclusions
In this study, we revisit the Zn-O4 bond cleavage mechanism that occurs during uracil release from the active site of yCD. In the previous two-layer ONIOM calculation, we found that direct Zn-O4 bond breaking would need to overcome a huge energy barrier. Here, we first demonstrate that this barrier mainly comes from the constraint of the outer (ONIOM) layer that prohibits the proper response of active site residues to Zn-O4 bond breaking, especially the Glu64 carboxyl group. An increase of the Zn-O4 distance based on the crystal structure geometry results in a monotonic increase of energy, but the increase of the Zn-O4 distance based on the MD simulation shows a steady decrease in energy. The reason is that ONIOM optimization from the crystal structure produces a good approximation of the Zn-O4 covalently linked state, while the ONIOM optimization from a MD-based snapshot provides a better approximation of the Zn-O4 bond-broken state. The constraints imposed on the outer ONIOM layer cannot correctly describe the intermediates between the bound and a bond-broken state, which makes the ONIOM calculation always favor the starting geometry.
One strategy to address this problem is to use a QM/MM method, but the presence of Zn in the system requires a highlevel QM method, which makes a straightforward combined simulation impractical. Instead, we introduced a two-step process that combines a MM classical simulation with a two-layer ONIOM QM calculation. We demonstrated that this method does describe the response of the middle layer properly. By using MD configurations that incorporate the influence of the outer layer (the remaining protein and solvent molecules) on the middle layer, conditional on the reaction coordinate value, the ONIOM-optimized energies provide a computationally realistic approach to approximate the free energy along a reaction coordinate.
In our calculations, a small number of MD snapshots (5-10) were required to obtain converged results. For the Zn-O4 bond cleavage, apparently only modest configuration changes in the reaction center region occur, leading to a relatively small number of required snapshots. In other, less favorable cases, more MD snapshots would be needed. The computational cost is dominated by the quantum calculations, indicating that a careful choice of the residue and substrate atoms to include in the inner and outer ONIOM layers and the methods to use in each layer are the key requirements for the design of a practical scheme.
The two-step approach shows that cleavage of the Zn-O4 bond occurs through a pentacoordinated Zn transition state complex. A rearrangement of some active site residues as the reaction coordinate is changed does occur. Movement of the catalytic Glu64 so that its OE1 can coordinate with the Zn takes place when the Zn-O4 distance is lengthened to ∼2.4 Å. The electrostatic interaction between the Glu64 carboxylate and the Zn most likely provides a significant contribution to breaking the Zn-O4 bond. The barrier along this reaction coordinate is rather low, only about 2.9 kcal/mol, and therefore should not limit the rate of uracil release from the active site.
The computational result also suggests that E64 not only plays an important role in the deamination reaction as a proton shuttle but also facilitates the cleavage of the zinc-oxygen bond between the catalytic zinc and the deamination product uracil so that the product can be released. The regeneration of the enzyme requires the replacement of the zinc-OE1 coordination bond with a zinc-water coordination bond, a process that has yet to be addressed.
